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Understanding  heating  patterns  in UK  homes  is crucial  for energy  policy  formulation,  the  design  of  new
controls  and  heating  systems,  and  for  accurate  stock  modelling.  Metrics  to  describe  heating  patterns  are
proposed along  with  methods  for calculating  them  from  measured  room  temperatures.  The patterns  of
heating  in  249  dwellings  in Leicester,  UK  are derived  from  measured  hourly  temperatures  and  a  face-to-
face  socio-technical  survey.  Of the 93% of homes  that  were  centrally  heated,  51% were  heated  for  two
periods  each  day  and  33%  were heated  for  only  one  period  per day.  The  mean  winter  temperature  in  the
rooms  varied  from  9.7 ◦C  to  25.7 ◦C. Heating  patterns  varied  signiﬁcantly  and  systematically  depending  on
the  age of  the  householders  and  their  employment  status.  Compared  to  younger  households  and  those  inREDEM
uilding energy modelling
ousehold refurbishment
employment,  households  with  occupants  over  60 and  those  unable  to work,  turned  their heating  on  earlier
in  the  year,  heated  for longer  each  day,  and  heated  to higher  temperatures.  The  indoor  temperatures  were
much lower  than  those  customarily  assumed  by  BREDEM-based  energy  models  and patterns  of  heating
were  quite  different.  Such  models  could  seriously  and  systematically  misrepresent  the  beneﬁts  of  energy
efﬁciency  measures  to some  sectors  of  society.
© 2014  Elsevier  B.V.  All  rights  reserved.. Introduction
The 2008 Climate Change Act has committed the UK Govern-
ent to reduce CO2 emissions by 80% of 1990 levels by 2050 [1]. In
012 energy consumption in domestic buildings accounted for 29%
f total UK energy consumption [2], of which around two thirds was
sed for space heating, predominantly for gas ﬁred central heating
3]. The Low Carbon Transition Plan has set a transition budget to
educe the demand for gas to heat UK homes by 27% of the 2008
gure by 2020 [4]. In order to achieve these ﬁgures a large pro-
ortion of the UK housing stock will require thermal upgrades or
ore efﬁcient heating systems and better controls. This need is
eﬂected in UK Government energy policy, such as the Green Deal
5]. Clearly, for policies to be effective it is important to identify
or which homes, occupied by which households, energy efﬁciency
easures will be most effective.
It has been widely reported that thermal upgrades, more energy
fﬁcient heating systems and better controls do not always save
s much energy as predicted [6] and can lead to unintended
onsequences [7]. Often such measures lead to warmer inside
emperatures but lower energy savings [8] than predicted [9];
∗ Corresponding author. Tel.: +44 0 1509 565182.
E-mail address: t.kane@lboro.ac.uk (T. Kane).
ttp://dx.doi.org/10.1016/j.enbuild.2014.10.011
378-7788/© 2014 Elsevier B.V. All rights reserved.especially in homes which are operated at lower internal tem-
peratures. A better understanding of household temperatures and
thermal comfort could lead to more realistic assessments of the
likely energy demands and temperatures after energy refurbish-
ment.
In the UK, energy models based on the British Research Estab-
lishments Domestic Energy Model (BREDEM) [10] are often used
to predict the energy consumption and assess policy options relat-
ing to retroﬁt measures [11–13]. Predictions of the energy demand
for space heating are derived from the average daily temperature
assuming a standardised heating temperature proﬁle [14] (Fig. 1).
However, analysis has shown that predictions are particularly sen-
sitive to the demand temperature and the duration of heating
[15,16], and top down modelling has shown signiﬁcant differences
in energy use between geographical areas with different house-
hold expenditure [17]. If the relationships between house type, and
household composition and the demand temperature and heating
pattern could be established, more realistic and reliable predictions
of energy savings could be achieved.
Recent publications have called for the increased use of empir-
ical data sets to inform the assumptions used in energy models,
especially those which relate to the diversity of occupant behaviour
[15,18]. The three most signiﬁcant UK-based temperature monitor-
ing studies are: the National Field Survey of Temperatures [19],
which was  carried out in 1981 before the increased prevalence
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scrutinised by eye. The data from a household was excluded from
further analysis: if only one sensor was  returned (31 cases); if sen-
sors were placed in direct sunlight (3); if both sensors were placedig. 1. Standardised temperature proﬁle as used in BREDEM-based models. Heating
urations (h1 + h2) of 9 h on weekdays and 16 h at weekends and living room and
edroom demand temperatures of 21 ◦C and 18 ◦C, respectively are generally used.
n central heating and recorded only a single spot temperature;
he Warm Front Study [20], which focused solely on low income
wellings and not the full spectrum of homes and households
20,21]; and the Carbon Reduction in Buildings (CaRB) project
22–24], in which a representative sample of English houses was
onitored to determine the daily heating period and thermo-
tat settings [22] and to critique the living room temperatures
25] and heating patterns [26] assumed by BREDEM-based mod-
ls. Other relevant studies include: Summerﬁeld et al. [27] that
onitored temperatures ten years apart in 14 low energy build-
ngs; Yohanis and Mondol [28] who reported temperatures from
0 dwellings in Northern Ireland; and Martin et al. [29] in which
ensors placed directly on radiators in 68 homes were used to esti-
ate when dwellings were heated. Whilst these studies provide
aluable insights into the patterns of heating in UK homes they
ive a far from comprehensive picture.
The work reported in this paper aims to present a more com-
rehensive picture of the patterns of heating in UK homes and to
dentify where there are signiﬁcant differences in the patterns of
eating depending on the house (type, age and construction), the
eating system (central heated or not) and the occupancy (tenure,
mployment status, age and size of household).
To do this, the paper ﬁrstly deﬁnes metrics which quantify the
ey features of a heating pattern, including, when in the year heat-
ng is ﬁrst turned on and off, the number of heating periods each
ay and their start and end times, the average temperatures and the
chieved temperatures in living and bedrooms. Methods of calcu-
ating the metrics from measured temperatures are then proposed.
t is hoped that the metrics will provide a basis for researchers to
resent monitoring results in a uniform way.
The metrics and calculation methods are then used to analyse
he patterns of heating in 249 homes in the UK city of Leicester.
uestionnaire surveys were undertaken and hourly temperatures
ere recorded in the living room and bedroom of each home,
aking this, to the authors’ knowledge, the ﬁrst UK city-scale
ocio-technical monitoring study of its type. The reasons why  the
alculated heating metrics vary signiﬁcantly with house and house-
old characteristics are explored and the results are compared
ith those obtained by others. The consequences of using the
tandard heating proﬁles within BREDEM-based energy models are
iscussed.
Finally, recommendations for future work that would inform
hose working in social, political and technical areas of energy
emand reduction are presented.
. Data collection.1. Household surveys
The temperature measurements were made as part of the 4M
roject—measurement, modelling, mapping and management: anFig. 2. Hobo data logger used to measure internal air temperature in 469 dwellings
in  Leicester City.
evidence-based methodology for understanding and shrinking the
urban carbon footprint [30]. An integral part of the project was
a city-wide survey carried out in Leicester, in the UK Midlands, in
2009-10. A representative sample of 1000 households was selected
randomly after stratifying by percentage of detached dwellings and
percentage of households with no dependent children. 575 house-
holds (approximately one in 200 homes in Leicester) agreed to
take part. Face-to-face household interviews were conducted by
the National Centre for Social Research (NatCen) [31] using trained
surveyors that had no prior knowledge of home energy matters.
As well as indoor temperatures, data was gathered about: the
dwelling and its geometry, age and construction; the household
and its demographics and income; the heating system; and annual
energy demand. The ethnicity of occupants was  not noted during
the survey but 6% of surveys were not carried out in English.
2.2. Temperature monitoring
As the 4M homes were in a single urban area it was assumed
that the outdoor temperature was  the same across the whole sam-
ple. During the period of this study (December 2009 to February
2010) the average outdoor temperature was  2.3 ◦C1; which is much
colder than usual; the 2000–2009 average temperature between
December and February in Leicester was 4.6 ◦C.
To measure indoor temperatures, Hobo temperature sensors
(Fig. 2) were placed in the living room and the main bedroom of
the 469 households that consented to temperature monitoring.
These recorded spot2 values every hour between July 20093 and
February 2010; the period being limited by the memory of the sen-
sors. The sensors were calibrated by Tempcon Ltd. and were found
to be accurate to ±0.4 ◦C [32]. Guidance on the placement of sen-
sors was provided by the interviewers, speciﬁcally that the sensors
should be placed away from heat sources and direct sunlight (more
detail about the placement and collection of sensors is available
elsewhere [33]).
Prior to analysis, to ensure that the data was  error free, monthly
plots of living room, bedroom and outdoor air temperature were1 As measured by Leicester City Council (LCC) at their central weather mast.
2 Because the sensors record a spot temperature every hour they are more sus-
ceptible to temperature spikes than temperature sensors which report an average
temperature over a logging period.
3 The summertime temperatures are analysed and reported elsewhere [33].
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room heat loss6, because the system thermostat is in a space that
warms up easily or because heating is curtailed by the TRV set-
ting. Conversely, in some circumstances, room temperatures mayFig. 3. Schematic of a typical UK central heating system.
n the same location (not in different rooms) (5); if there was a time
tamp error (5); if sensors were moved during analysis period (2); if
he sensors were insulated from temperature swings (e.g. covered
ver) (14); or if sensors were placed in an unheated space (3). It is
lear from this list, that instructions for placing sensors, were not
lways followed. After the exclusions there 249 homes remained
n the dataset.
.3. Comparison of sample with national census and English
ousing Survey
The percentage of houses of each type in the 4M tempera-
ure sample is similar to the percentage recorded for the Leicester
nitary Authority (UA) in the 2001 census [34]. However, the per-
entage of detached homes in the sample, and in the 2001 Leicester
A census, is much lower than in the nation as a whole as recorded
n the 2009 English Housing Survey (EHS) [35]; the percentage
f semi-detached homes is correspondingly higher (Table 1). This
ay  be because Leicester is a dense, former industrial, city and
hese typically have few larger, usually detached, houses, and
ecause Leicester has a number of large estates dominated by semi-
etached dwellings. The 4M temperature sample also has a lower
roportion of dwellings built after 1965 than recorded in the EHS,
hich would be expected of an established urban area struggling
ith post-industrial decline.
The sizes of the households and the employment status of the
ccupants reﬂect the proportions found within the Leicester UA
ensus, which is in turn similar to the proportions recorded for
he nation as a whole4. The proportions renting, and either owning
utright or buying with a mortgage, are also similar to the national
gures but the proportion renting is much lower than reported in
he 2001 census for Leicester. This may  be because of the take up
f the ‘right to buy’ in the intervening 8 years.
.4. Heating systems
In the sample of 249 homes, 93% were centrally heated. In such
ystems a gas-ﬁred boiler heats water, which is pumped to radia-
ors in each room (Fig. 3). A timer/programmer enables occupants
o set a heating pattern, with deﬁned on and off times, which
epeats every day. Modern timers offer more ﬂexibility, enabling,
or example, different weekday and weekend heating schedules.
hus heating systems operate automatically such that, without
4 If the ‘retired’ and ‘other’ categories of employment are combined.Fig. 4. Temperature measured at high resolution on a single day in a test house
showing boiler cycling across two heating periods.
occupant intervention, a continuous regular on/off pattern of
heating is established. Most timers enable occupants to override
the set-times in order turn on or off the heating at the press of a
button (for example when returning home early or leaving early).
At the next programmed on or off time the system reverts to the
programmed pattern of operation. Similarly, the whole system can
be switched on or off relatively easily at the timer, for example at
the start and end of the winter heating period or during vacations.
An established regular heating pattern can therefore be disrupted
by irregular, occupant-induced events that result in the heating
coming on or going off for varying lengths of time.
When the timer turns the system on, the gas boiler ﬁres and
the circulating pump runs and within a few minutes, hot water
is delivered to the radiators. The temperature of the supply water
can usually be controlled by a dial on the boiler; although most
homeowners are unlikely to use this facility. The pump runs con-
tinually until a system thermostat mounted on a wall, usually, but
not always, in a hallway, senses that the demand temperature has
been reached. This is the temperature set by the occupants, usually
by turning the dial on the thermostat. When the demand temper-
ature is reached, a relay will turn the boiler off, but the pump will
continue to run for a while to prevent hot water stagnating in the
boiler. The boiler thus cycles on and off to try and maintain the
demand temperature (at the thermostat). The boiler may  also turn
off if the temperature of the water returning to the boiler is too
high5. Together these modulations result in space temperatures
that ﬂuctuate over time (Fig. 4).
Individual rooms are heated by radiators that will usually be
ﬁtted with thermostatic radiator valves (TRVs). These modulate the
ﬂow to the radiator in response to the locally sensed temperature
enabling different rooms to achieve different temperatures. TRVs
have a rotating head, which occupants can use to change the desired
room temperature.
Whilst studies of households’ home heating behaviour often set
great store by the demand temperatures set at the system thermo-
stat, the TRVs mean that temperatures in individual rooms (in this
paper the living room and bedroom) may  be rather different. Tem-
peratures may  well be lower: because the space is not yet up to
temperature, because the radiator is undersized compared to the5 This can happen if, for example, the wall mounted room thermostat is calling for
heat but the TRVs have curtailed ﬂow to the radiators, or because the house is almost
‘up  to temperature’ and the combined convective heat output from the radiators is
thus small.
6 And the heat loss may vary, for example due to window and door opening.
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Table 1
Composition of the 249 monitored homes compared to 2001 census data for Leicester Unitary Authority and England and the 2009 English Housing Survey (EHS).
Descriptor (n) Percentage in sample Percentage points difference
between the temperature
sample and other surveys
4M temperature
sample (%) n = 249
Census
Leicester UA
(%) n ≈ 110,000
Census England
(%) n ≈ 24M
EHS, 2009 (%)
n ≈ 17,000
Census
Leicester UA
Census
England
EHS
2009
House type Detached (26) 10 12 23 17 −2 −13 −7
Semi-detached (115) 46 42 32 25 4 14 21
End  terrace (24) 10 411 261 11 −71 81 −1
Mid  terrace (60) 24 19 5
Flat  (24) 10 5 19 19 5 −9 −9
Other  (bungalow) (0) 9 −9
House age Pre-1919 (45) 18 – – 21 – – −3
1919–1944 (77) 31 − – 17 – – 14
1945–1964 (58) 23 – – 20 – – 3
1965–1980 (35) 14 – – 21 – – −7
Post  1980 (33) 13 – – 21 – – −8
Tenure Own outright (97) 39 24 29 672 15 10 3
Buying with Mortgage
(78)
31 34 39 −3 −8
Rent  (74) 30 40 29 33 −11 0 −4
Household size 1 (65) 26 33 30 – −6 −4 –
2  (91) 37 29 34 – 8 2 –
3  (39) 16 15 15 – 1 0 –
4  (36) 14 14 13 – 1 1 –
5+  (18) 6 10 7 −4 0 –
Employment status3 Full time (102) 42 47 41 – −5 1 –
Part  time (31) 12 4 12 – 8 0 –
Unemployed (15) 6 6 3 – 0 3 –
Permanently unable to
work (16)
6 7 5 – −1 1 –
Retired (68) 27 9 14 – 18 13 –
Other  (17) 7 27 25 0 −20 −18 –
1 The census data does not break down house type into different types of terrace property.
2 The EHS does not distinguish between these.
3 Data relating to employment status in the census relates to every individual in the home while in this survey employment data was  only collected for the household
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pepresentative person; i.e. invariably survey interviewee.
e higher than the demand temperature, for example: if the sys-
em thermostat is in a space that is hard to heat, if the radiator in
he monitored room is oversized, if the TRV is on a high setting,
r if there are internal heat gains (from people, appliances or the
un). Thus, in winter, room temperatures may  reﬂect the tempera-
ures people want, or are able to achieve (given the heating system’s
haracteristics, the energy efﬁciency of the dwelling’s envelope and
he local weather) and not the demand temperature at the system
hermostat.
Additionally and importantly, many UK homes retain some
orm of secondary heating in the main living rooms, often a gas
re located in the original open ﬁreplace. Occupants may  also
ave electric room heaters. These secondary sources may  be used
n preference to the central heating system or in addition, or
ecause there is no central heating system. Measured tempera-
ures may  therefore show sharp rises in temperature at different
imes on different days, and bedroom and living room tempera-
ures may  not be synchronised. In the sample of homes analysed,
7 homes (7%) appeared to use secondary systems. Thus, although
t is possible in principle to detect when a central heating sys-
em turns on or off using measured temperatures, there are many
ays in which occupants can inﬂuence space temperatures and so
etecting heating patterns from temperature measurements is not
traight-forward..5. Measured temperatures
The hypothetical heating proﬁle (Fig. 1) and the test house
roﬁle (Fig. 4) show sharply deﬁned changes in the temperaturegradient indicating the times at which the central heating system
turns on and off; and the temperatures achieved can be clearly
identiﬁed. Temperature proﬁles measured in real occupied houses,
using Hobo sensors are often far less well deﬁned; inter-house pro-
ﬁles can be very different as can day-to-day variations in a single
house (Fig. 5).
House 1 in Fig. 5 shows a typical, repeating, two-period heat-
ing pattern. The temperature reached in the evening, about 19 ◦C,
is higher than that in the morning, which is a common occur-
rence; presumably because the system is unable to bring the house,
which has cooled overnight, up to the demand temperature (see
also Fig. 4). Over each day, the temperature range is about 5 ◦C,
which is common for many of the houses illustrated. House 2 is not
centrally heated; there is a two period pattern in the living room,
whilst the bedroom remains unheated in the evenings. House 3
suggests a one-period pattern but, the bedroom is more modestly
heated than the living room (perhaps the TRV is set quite low). In
House 4 the heating is on continuously but the bedroom cools dur-
ing the day (perhaps the living room is also heated by a secondary
system). In House 5 there is a two period pattern on the ﬁrst day (1st
February 2010) but no heating at all on days 2 and 3; presumably
due to occupant intervention. House 6 has a three period heating
pattern.
Clearly, none of these plots bears any resemblance to the stan-
dardised temperature proﬁle described in BREDEM (Fig. 1). The
raw data plots indicate that a number of metrics will be needed
to describe the pattern of heating, that others will be needed to
describe the resulting temperatures, and that metrics will give dif-
ferent values for living rooms and bedrooms.
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Fig. 5. Measured living room and bedroom temperatures measured in six homes on three consecutive days during February 2010.
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Fig. 6. Depiction of the method for calculating the external threshold temperature
in  one home based on data collected between July 2009 to February 2010. Results
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(rom  this metric suggested that all dwellings were heated by the end of November.
onsequently all of the other metrics are focused on the winter analysis period
wellings.
.6. Derivation and calculation of heating practice metrics
For each home, nine7 heating practice metrics were deﬁned
nd a series of calculation methods developed to calculate each
ne. These calculation methods are described brieﬂy here (Table 2)
ut more fully elsewhere [36]. Values for eight of the nine metrics
ere calculated from room temperatures measured in the Leicester
ouses during 90 days from 1st December 2009 to 28th February
010, henceforth called the winter analysis period. This is a period
hen all dwellings would need to be heated to provide adequate
nternal temperatures8 (Section 3.2). The metrics are divided into
wo groups; those that describe the heating systems’ operation and
hose that show the resulting indoor temperatures.
Heating practice metric 1, ‘external threshold temperatures’,
ims to identify the external temperature at which the heating sys-
em is switched on in the autumn and off in spring. Here only the
heating on’ threshold is calculated as temperature data was  not
ecorded after February 2010. To calculate this threshold tempera-
ure the average daily indoor temperature was plotted against the
unning mean of the external temperature (Trm) for each day of the
onitoring period from July 2009 to February 2010 (Fig. 6). Heated
ays, when the indoor temperature remained relatively constant
ith Trm, and unheated days, when it changed with Trm, were evi-
ent for most of the dwellings9. Visual inspection was  used to
dentify the Trm value below which heating was used in each home.
Heating practice metric 2, ‘number of heating periods per day’,
as identiﬁed by visual inspection of temperature traces (e.g. as in
ig. 5) recorded during the winter analysis period. It was  not pos-
ible to categorise the number of heating periods in all dwellings
ecause some had very inconsistent heating schedules, i.e. occu-
ants regularly changed, or manually overrode, their timer settings.
An attempt to measure heating practice metric 3, ‘start and end
imes of heating periods’, which built on previous work [22], and
elied on calculating the average number of hours each day that
he indoor temperature increased, proved unsuccessful. It resulted
n very inconsistent heating times due to temperature ﬂuctuations
7 Although metrics 1, 6 and 8 yield two values and metric 3 two for each heating
eriod.
8 Whether or not an adequate temperature was provided depends on the occu-
ants, the home and heating system. Sometimes the heating was not operational
or  a prolonged period, for example when occupants were away from home.
9 Clear heated and unheated periods could not be identiﬁed for 30 of the dwellings
8% of the sample).ings 86 (2015) 817–832
resulting from: (1) boiler cycling during heating periods; (2) short
spikes in temperature resulting from localised heat gains and; (3)
occupant-induced variations in the start and end times of heating.
To overcome these complications an average heating proﬁle was
developed for each home (e.g. Fig. 7) from which the percentage of
days in the winter analysis period when the heating was  on at each
hour was  calculated using the following equation:
Heating is in use at Tt if (Tt − Tt−1 > 0) or (if (Tt−1 − Tt−2 > 0 or
Tt−2 − Tt−3 > 0 and Tt−1 − Tt > −0.1)) (1)
All the days in the period were considered, as this study, and
work by others using a similar approach [24], has shown no sig-
niﬁcant difference between daily heating periods calculated for
weekdays and weekends. The start of heating was  assumed to be
the ﬁrst hour for which the heating was on for 10%10 or more days
than the previous hour. For example, if heating was never observed
at 5:00am, observed on 8% of days at 6:00am and 29% of days at
7:00am, the start of heating was recorded as 7:00am. The end time
of heating was  the last hour for which the heating was  on for 10%
more days than the next hour.
This method was  successful at identifying the heating sched-
ule in dwellings with consistent heating patterns but in dwellings
where the start and end times changed, the length of the heating
pattern was  overestimated and in some cases could not be iden-
tiﬁed at all (Fig. 7). Consequently, this method was only applied
to those dwellings which were observed to have single (33% of
dwellings) or double heating patterns (51%).
The start and end times of the heating periods for each dwelling
were used to calculate heating practice metric 4, ‘duration of heat-
ing per day’. As stated above, this method tended to overestimate
the heating duration in dwellings with inconsistent heating pat-
terns but the variation in duration was  preserved.
Heating practice metric 5, ‘number of under-heated days’, was
calculated by identifying the number of days during the win-
ter analysis period that were heated for a shorter length of time
than average. The number of hours heated each day was calcu-
lated using Eq. (1) and the daily ﬁgures were averaged for the
winter analysis period. Where less than half the average heating
hours were observed on a single day the dwelling was deemed
to be under-heated. It should be noted that the heating durations
used to calculate number of under-heated days are not related to
metric 4.
Heating practice metric 6, ‘mean winter temperature’ is the
mean of all the recorded temperatures during the winter analy-
sis period whether the heating was on or not. It is calculated for
both the living room and bedroom of each dwelling (metric 9 is the
only other metric calculated for both rooms).
Heating practice metric 7, ‘Troom’, was calculated by deter-
mining the difference between the temperatures measured in the
living room and bedroom at each hour (i.e. living room minus bed-
room), and then averaging these for the whole of the winter analysis
period.
Heating practice metric 8, ‘mean achieved temperature’ was the
mean of the daily maximum temperatures recorded over the win-
ter analysis period in the living room. This method has been used
in previous work [22]. The maximum daily temperatures usually
occurred towards the end of the evening heating period.Finally, heating practice metric 9, ‘average temperature dur-
ing heated periods’ was  calculated based on the start and end
times of each heating period in homes with either single or double
10 This percentage appeared to work well, but other values could be used, though
this  may  change results.
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Table  2
Description of the heating practice metrics described.
Heating practice metric Deﬁnition
Heating pattern (1) External threshold temperature The external air temperature a. below which the heating system is turned on1
and b. above which it is turned off2
(2) Number of heating periods per day The number heating periods that are predominantly used3
(3) Start and end times of heating periods The median start and end times of each heating period for homes with a
regular heating pattern3
(4) Duration of heating per day The average total duration of heating per day3
(5) Number of under-heated days The number of days during the winter analysis period which are heated for
less than half of the average heating duration3
Resulting temperatures (6) Mean winter temperature The mean of all measured temperatures a. living room and b. bedroom3.
(7)  Troom The average temperature difference between the living room and bedroom3
(8) Mean achieved temperature The average of the daily maximum temperatures measured in the living room3
(9) Average temperature during heated periods The average temperature calculated during each heating period a. living room
and b. bedroom3.
1 Calculated using data measured between July 2009 and February 2010.
2 But as the monitoring period didn’t include the end of winter the second of these could not be calculated in the work presented here.
3 Calculated for the winter analysis period between December 2009 and February 2010.
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iig. 7. Percentage of days heated at each hour during the winter analysis period (D
left)  and in a dwelling with an inconsistent heating pattern (right).
eating patterns (from metric 3). Hence the same start and end
imes were used for each day. The average temperature was  calcu-
ated separately for each period and for each room11.
Having calculated all the metrics, statistical analyses were
ndertaken to discover whether the values differed with house or
ousehold characteristics. For all but metrics 2 and 3, for which
here was no associated standard deviation, a one way  analysis of
ariance (ANOVA) was undertaken to establish whether differences
etween the mean values relating to the household characteristics
ere statistically different. When statistically signiﬁcant results
ere found (i.e. p < 0.05), Tukey post hoc tests were undertaken
o identify which characteristics led to the signiﬁcantly different
esult (q < 0.05).
. Results
.1. External threshold temperature
During the whole monitoring period (July 2009 to February
010) the running mean of external temperature (Trm) was only
ver 18 ◦C for seven days in early July (Fig. 8). It fell steadily during
he autumn but was not consistently below 8 ◦C until November
7th. The average external threshold temperature (metric 1) for all
49 dwellings was 13.3 ◦C (standard deviation 1.4 ◦C) (Table 3). The
11 Metrics 8 and 9 were calculated with the under-heated days included. This pro-
ided uniformity across all homes. Estimates indicate that had the under-heated
ays been excluded, the tabulated values for these metrics (Table 4) would have
ncreased by at most about 0.1K.ber 2009 to February 2010) in a dwelling with a consistent double heating pattern
highest and lowest external threshold temperatures were 18 ◦C and
8 ◦C, respectively (Fig. 8). This range of external threshold temper-
atures suggests that some dwellings were heated for most of the
year and that others were only heated during the coldest winter
months.
Between 1st September and 22nd October 2009, the number
of homes that had their heating on gradually increased (Fig. 8);
in the subsequent warmer period (in early November) heating
was switched off by some households. The external temperature
dropped again at the beginning of November and all homes were
heated from 9th November until the end of the analysis period.
Those living in mid-terraced houses had signiﬁcantly lower
(p = 0.019) external threshold temperatures (12.9 ◦C) than those liv-
ing in detached dwellings (14.0 ◦C, q = 0.01). This may  be because
mid-terraces have less exposed wall area than other dwelling types;
consequently, indoor temperatures respond slower to changes in
external conditions.
It was  expected therefore, that ﬂats would also have a low exter-
nal threshold temperature as they have the least exposed wall
area. However, ﬂats had a higher external threshold temperature
(13.3 ◦C) than mid-terraces (12.9 ◦C). This result may however be
because there was  a relatively low number of ﬂats in the sample
(n = 26) compared to mid  terraces (n = 62), or because ﬂats have less
well-insulated facades, for example they may  well have a higher
proportion of facade glazing.
Some interesting trends were observed that were not statisti-
cally signiﬁcant. The lowest external threshold temperature was
observed in the dwellings where the oldest occupants are between
20 and 30 years old (12.5 ◦C). This may  suggest that younger occu-
pants turn on their heating systems later in the year, or choose
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Table 3
Mean external threshold temperature, heating patterns, start and end times of heating, duration of heating period and under-heated days between December 2009 and February 2010 as calculated for different groups of dwellings
and  household types in 249 dwellings. Statistically signiﬁcant results (q < 0.05) shown in bold.
Characteristic Metric 1 Metric 2 Metric 3 Metric 4 Metric 5
Mean external
threshold temp1 (◦C)
Heating pattern2 Median start and end times of heating2 Duration of
heating per
day1,3 (h)
Number of
under-heated
days1 (Days)
Single Double Single pattern Double heating pattern
(Mean, SD) No. of dwellings On Off On Off On Off (Mean, SD) (Mean, SD)
All dwellings 13.3, 1.4 83 126 07:00 23:00 06:00 09:00 15:00 22:00 12.6, 3.5 2.9, 4.4
House  type Detached 14.0, 1.3 8 15 07:00 23:00 07:00 09:30 15:00 22:00 12.0, 3.9 2.3, 2.6
Semi-detached 13.3, 1.3 46 56 07:00 23:00 06:00 09:00 15:00 22:00 13.1, 3.6 2.4, 4.7
End  terrace 13.6, 1.1 5 16 09:00 23:00 06:00 09:00 14:00 21:00 11.9, 3.8 3.0, 4.6
Mid  terrace 12.9, 1.4 15 29 08:00 21:00 06:00 10:00 15:00 22:00 12.1, 3.1 3.4, 4.1
Flats  13.3, 1.7 9 10 08:00 23:00 06:00 11:00 16:00 23:00 12.6, 3.1 4.5, 4.2
House  age Pre 1919 13.4, 1.5 11 28 07:00 23:00 07:00 09:00 15:00 23:00 12.5, 3.7 3.3, 4.2
1920–1943 13.4, 1.2 30 34 07:00 22:00 06:00 09:00 13:30 22:00 13.4, 3.4 2.0, 3.2
1944–1965 13.2, 1.4 22 31 07:00 22:00 06:00 10:00 15:00 22:00 12.7, 3.3 3.2, 5.9
1966–1980 13.2, 1.3 10 17 08:00 23:00 06:00 09:00 16:00 22:00 11.5, 3.4 2.7, 3.5
Post  1980 13.1, 1.8 10 16 08:00 23:00 06:00 09:00 16:00 23:00 11.7, 3.8 3.8, 4.4
Wall  type Solid wall 13.3, 1.3 33 58 07:00 23:00 06:00 09:00 15:00 22:00 13.0, 3.6 2.5, 3.8
Unﬁlled cavity wall 13.2, 1.3 20 31 08:00 00:00 06:00 09:00 16:00 22:00 12.2, 3.0 3.3, 3.8
Filled  cavity walls 13.3, 1.4 30 37 08:00 22:30 06:00 10:00 15:00 21:00 12.4, 3.6 3.0, 5.3
Central  heating Yes 13.3, 1.3 75 121 07:00 23:00 06:00 09:00 15:00 22:00 12.4, 3.4 2.8, 4.3
No  13.1, 1.9 8 5 06:30 22:30 07:00 10:00 16:00 00:00 14.3, 3.4 4.3, 4.6
Tenure Own  outright 13.5, 1.1 36 49 07:00 23:00 07:00 09:00 15:00 22:00 13.3, 3.5 2.9, 5.2
Buying  with mortgage 13.1, 1.2 17 47 08:00 22:30 06:00 09:00 15:00 22:00 11.4, 3.6 2.7, 3.5
Rent  13.2, 1.7 30 30 07:00 23:00 06:00 10:00 15:00 22:00 13.0, 3.6 3.0, 4.0
Employment status Employed 13.2, 1.4 25 82 08:00 23:00 06:00 09:00 15:00 22:00 11.7, 3.5 3.0, 3.8
Retired  13.3, 1.2 37 26 07:00 22:00 07:00 10:00 14:00 22:00 13.7, 3.2 2.7, 5.7
Unable  to work 13.4, 1.6 11 6 06:00 23:00 06:00 09:00 14:30 22:30 14.0, 3.7 2.4, 3.6
Unemployed 12.8, 1.5 5 8 08:00 23:00 05:30 10:30 15:30 21:30 12.3, 2.9 2.7, 3.3
Other  13.8, 1.5 5 4 07:00 23:00 05:30 11:00 15:00 00:00 14.6, 2.4 3.3, 4.3
Age  oldest occupant 20–29 12.5, 1.8 0 7 N/a N/a 07:00 10:30 15:00 21:30 12.1, 3.3 4.6, 4.6
30–39  13.0, 1.6 12 23 07:00 23:00 06:00 09:00 15:00 23:00 12.0, 4.4 3.3, 4.2
40–49  13.2, 1.3 13 31 08:00 23:30 06:00 09:00 16:00 22:00 11.6, 3.4 2.9, 3.3
50–59 13.1,  1.0 10 23 07:30 23:00 06:00 09:00 15:00 22:00 11.6, 2.5 2.5, 4.0
60–69  13.5, 1.4 23 22 08:00 22:00 06:00 10:00 15:00 22:00 14.0, 3.0 2.2, 3.5
70+  13.6, 1.2 25 20 07:00 23:00 07:00 10:00 13:00 22:00 13.6, 3.3 2.9, 6.3
Household size 1 13.2, 1.2 25 31 08:00 22:00 07:00 09:00 15:00 22:00 12.5, 2.5 5.0, 6.3
2  13.3, 1.3 31 47 07:00 23:00 06:00 09:00 16:00 22:00 12.9, 4.1 1.9, 3.0
3  13.4, 1.2 11 19 08:00 23:00 06:00 09:00 13:30 22:00 12.2, 3.0 2.3, 3.6
4  13.1, 1.9 11 18 07:00 22:30 06:00 09:00 15:00 21:00 12.3, 4.0 2.7, 3.4
5+  13.6, 1.4 5 11 06:30 23:30 05:30 10:00 15:00 22:00 12.9, 3.3 1.7, 1.8
1 229 Dwellings.
2 Excludes the 40 dwellings (16%) that had multiple or irregular heating periods.
3 The method of calculation used here may  overstate the heating period in homes with irregular heating patterns.
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In the whole sample over the whole 90 day winter period, 39% of
the dwellings had no under-heated days, 17% had only one under-
heated day, 22% had between two and four under-heated days andig. 8. Running mean temperature (Trm) during the monitoring period and the per
hreshold temperature.
ower demand temperatures and therefore have shorter heating
easons than older occupants.
Although all homes in this study were in one geographical loca-
ion, they switched their heating on gradually over a two  month
eriod. One might imagine that a nationally distributed sample
ould reveal an even greater temporal variation; with those in
older locations switching on earlier and those in warmer location
ater.
.2. Number of heating periods per day
Although double heating patterns were the most common
n = 126, 51%) other heating patterns such as single (n = 83, 33%)
nd multiple (n = 13, 5%) were also frequently observed (Table 3).
here was no discernible difference in heating patterns between
eekends and week days. Single heating patterns were found to
e as common as double heating patterns in dwellings occupied by
eople over 60 and in ﬂats, but much more common in the homes
f those retired or unable to work.
The heating patterns used in 11% of dwellings (n = 27) were
oo inconsistent to categorise. This suggests that in at least 11%
f dwellings the heating is turned on and off manually, or the timer
s overridden, on a regular basis.
.3. Start and end times of heating
Within the 209 homes with either single or double heating
eriods, the median heating times were 07:00–23:00 (15 h) for
ingle heating periods and 06:00–09:00 and 15:00–22:00 (10 h
n total) for double heating periods (Table 3). Across all house
haracteristics the median start time of heating was  relatively con-
istent, 07:00–08:00 for homes with a single heating pattern and
6:00–07:00 in homes with a double pattern. However, dwellings
ith ﬁve or more occupants seem to turn their heating on early
6:30 (single period) or 05:30 (double period). Likewise, those
hat were unable to work tended to turn their heating on ear-
ier (06:00, single pattern) as did those that were unemployed
r in the ‘other’ category (05:30, double pattern). The earliest
edian start of heating time for the second heating period wasound in dwellings where the occupants were over 70 (13:00),
he latest afternoon start time was 16:00 in dwellings occupied
y two occupants and in homes with occupants in the 40–49 age
roup.ge of the 249 dwellings heated, with indication of the highest and lowest external
3.4. Duration of heating per day
The average daily heating duration was 12.6 h (standard devia-
tion 3.5 h) with daily heating durations in individual homes ranging
from 4 h to 22 h (Fig. 9). This is longer than calculated by previous
research, Shipworth et al. estimated heating to be active for 8.2 h
on weekdays and 8.4 h on weekends [22]. This may  be partially
because the method used in this paper overestimates the start time
and so the duration of heating period, especially in dwellings with
inconsistent heating patterns.
No statistically signiﬁcant differences were found between the
durations of heating in houses of different type, age or construc-
tion. However, the characteristics of the occupants did have an
effect. Employment status and age of oldest occupant showed sta-
tistically signiﬁcant differences (p < 0.04). Those unable to work,
or in the 60–69 age band, heated for signiﬁcantly longer (14.0 h)
presumably because they were at home longer than those where
the oldest person was aged between 40 and 59 (11.6 h, q = 0.02),
probably because the occupants were at work. Dwellings that were
heated for longer (metric 4) were found to have a statistically higher
mean winter temperature (metric 1) (p = 0.062).
3.5. Under-heated daysFig. 9. Duration of heating per day in the 209 dwellings with single and double
heating patterns.
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aFig. 10. Mean winter temperature in living room and bedrooms in
% had more than ten under-heated days. The most under-heated
ays (38 days) was found in a dwelling with a single occupant in
he 70 years or older category, which may  be related to an extended
tay away from home.
The analyses indicated that dwellings occupied by only one per-
on had signiﬁcantly more under-heated days (an average of ﬁve
han homes with ﬁve or more occupants 1.7 days (2%) (q = 0.066).
wellings where the oldest occupant was between 20 and 30 had
ore under-heated days (4.6) than other households. No statisti-
ally signiﬁcant relationship was established between number of
nder-heated days and the technical house descriptors.
.6. Mean winter temperature
Mean winter temperatures measured in the individual homes
anged from 9.7 ◦C to 25.7 ◦C in living rooms and 7.6 ◦C to 24.2 ◦C
n bedrooms (Fig. 10). The averages for the sample as a whole were
8.5 ◦C (standard deviation 3.0 ◦C) in the living rooms and 17.4 ◦C
standard deviation 2.9 ◦C) in the bedrooms.
Signiﬁcant differences (p < 0.05) were found between the mean
inter temperatures in living rooms between houses of differ-
nt type and construction; terraces (17.9 ◦C) were signiﬁcantly
ooler than ﬂats (20.0 ◦C, q = 0.037), solid wall properties (18.0 ◦C)
ere signiﬁcantly cooler than those with insulated (ﬁlled) cavities
19.2 ◦C), (q = 0.025). Both results are consistent with the differ-
nces in heat loss between the dwelling types, solid walls being
ess well insulated than ﬁlled cavity walls.
More interesting perhaps are the signiﬁcant differences
etween households of different size, age of oldest occupant,
enure and employment status (p < 0.05). Single person house-
olds were particularly cool (17.7 ◦C), signiﬁcantly cooler than
omes with two occupants (19.0 ◦C, q = 0.046). The high number
f under-heated days (metric 5, Table 3) in single person house-
olds will partly explain this. The homes of the over 60’s (19.3 ◦C
nd 19.2 ◦C) are signiﬁcantly warmer than those occupied by under
0’s (16.4 ◦C, q < 0.05), perhaps partly because they are heated for
igniﬁcantly longer (metric 5, Table 3). Rented homes (19.1 ◦C) are
armer than owner occupied homes (17.7 ◦C, q = 0.011), perhaps
ecause some that rent are not directly responsible for paying
uels bills. Households where the occupants are unable to work
20.6 ◦C) are signiﬁcantly warmer than those where the occupants
re employed (17.9 ◦C, q = 0.001), which can also be explained,wellings in Leicester between December 2009 and February 2010.
in part, by the signiﬁcantly different heating durations (metric 5,
Table 3).
The only statistically signiﬁcant difference observed in bed-
rooms was between dwellings with (17.5 ◦C) and without (16.1 ◦C)
central heating (p = 0.044). This is to be expected as these dwellings
are likely to be heated with secondary heating in the living spaces
downstairs.
One sample t-tests were applied to assess whether the mean
living room and mean bedroom temperatures were signiﬁcantly
different. Statistically signiﬁcant differences (p < 0.05) between the
living room and bedroom temperatures were found for dwellings
where the oldest occupant was  over 60 but not for any other age
groups. The next metric explores this matter further.
3.7. Troom
Over the whole winter period, 68% of living rooms there warmer
on average than bedrooms (Fig. 11); the highest average temper-
ature difference was  8.8 ◦C, which occurred in a semi-detached
dwelling with central heating built between 1944 and 1965 with
four occupants. In the homes where the bedroom was warmer the
largest average temperature difference was 6.1 ◦C. This occurred in
a detached dwelling built since 1980 with three occupants.
The difference between the mean living room temperature and
the mean bedroom temperature was signiﬁcantly smaller in cen-
trally heated homes than in other homes (p = 0.003). This would be
expected if secondary heating located in the living room was used in
non-centrally heated homes. The temperature difference was also
signiﬁcantly smaller in the homes of those in employment (0.4 ◦C)
compared to those unable to work (2.0 ◦C, q = 0.059), and in homes
of those aged 20 to 29 (0.0 ◦C) compared to those aged over 70
(2.0 ◦C, q = 0.104) (Table 4).
This suggests that younger people and those in work have a
more uniform temperature throughout the rooms of their home
than older people and those unable to work. This may be a result of
the use of secondary heating; people who are retired or not working
may  heat their living spaces using secondary heating during the day
when the central heating is off. It also reﬂects the fact, even when
homes have central heating, the unemployed may  have it on for
longer than those in work (metric 5, Table 3). When central heat-
ing is turned off, the temperatures fall and ultimately the whole
house will achieve roughly the same (low) temperature.
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Table 4
Mean winter temperature, Troom, mean achieved temperature, and average temperature during heated periods as calculated for all 249 dwellings in Leicester between December 2009 and February 2010. Statistically signiﬁcant
results (q  < 0.05) are shown in bold.
Characteristic Metric 61 Metric 71 Metric 81 Metric 92
Mean winter
temperature
(◦C)
Troom (◦C) Mean achieved
temp3 (◦C)
Average temperature
during heated periods
(living room) (◦C)
Average temperature
during heated periods
(bedroom) (◦C)
(Mean, SD) (Mean, SD) (Mean, SD) (Mean, SD) (Mean, SD) (Mean, SD)
Living room Bed Living room Single First Second Single First Second
All dwellings 18.5, 3.0 17.4, 2.9 1.0, 2.5 20.9, 3.2 18.8, 3.2 17.5, 2.8 19.0, 3.0 17.2, 3.4 17.0, 2.7 17.8, 2.8
House  type Detached 17.8, 3.2 17.4, 2.9 0.3, 2.6 20.4, 3.9 18.3, 4.3 15.7, 2.3 17.6, 2.4 17.0, 4.2 16.3, 2.4 17.4, 2.1
Semi-detached 18.7, 2.8 17.2, 3.0 1.5, 2.5 21.1, 3.0 19.0, 2.9 17.6, 2.6 19.3, 2.9 16.7, 3.6 17.0, 2.5 17.8, 2.5
End  terrace 18.2, 3.3 17.5, 3.4 0.7, 2.5 21.0, 3.4 17.4, 2.6 17.8, 3.4 19.5, 3.8 17.4, 2.9 17.1, 3.4 17.8, 3.6
Mid  terrace 17.9, 2.9 17.4, 2.5 0.5, 2.5 20.2, 3.1 17.9, 3.8 17.1, 2.4 18.3, 2.6 17.6, 3.3 17.0, 2.5 17.5, 2.7
Flats  20.0, 3.1 18.5, 3.0 1.5, 1.8 22.3, 3.5 20.5, 3.2 19.2, 3.1 20.3, 3.5 18.6, 2.5 18.2, 3.5 18.9, 4.0
House  age Pre 1919 17.2, 3.3 16.6, 3.2 0.6, 2.8 19.6, 3.7 16.9, 3.5 16.5, 3.2 17.9, 3.5 16.0, 3.8 16.5, 3.2 17.1, 3.4
1920–1943 18.4, 2.8 17.3, 2.9 1.0, 2.4 20.7, 3.0 18.7, 3.1 17.5, 2.4 19.0, 2.4 16.6, 3.7 17.3, 2.1 18.2, 2.1
1944–1965 19.0, 3.2 17.4, 3.0 1.5, 2.6 21.5, 3.5 20.1, 3.3 17.5, 2.9 19.3, 3.3 18.2, 3.0 16.3, 2.9 17.2, 3.1
1966–1980 19.4, 2.3 18.2, 2.4 1.2, 2.2 21.9, 2.6 18.9, 1.5 18.9, 2.5 20.4, 2.6 17.3, 2.8 18.1, 2.5 19.0, 2.5
Post  1980 18.8, 2.8 18.2, 2.7 0.7, 2.2 21.0, 2.7 18.4, 3.5 17.5, 2.2 19.0, 2.6 17.7, 3.5 17.6, 2.1 18.0, 2.0
Wall  type Solid wall 18.0, 3.0 17.4, 2.7 0.6, 2.5 20.4, 3.2 17.9, 3.1 17.1, 2.9 18.5, 2.9 16.6, 3.2 17.2, 2.5 17.9, 2.7
Unﬁlled cavity wall 18.4, 3.3 17.3, 3.6 1.2, 2.5 20.8, 3.6 19.5, 4.0 17.5, 3.1 19.0, 3.4 17.7, 4.2 16.3, 3.2 17.3, 3.5
Filled  cavity walls 19.2, 2.7 17.7, 2.7 1.5, 2.4 21.6, 2.9 19.4, 2.7 18.1, 2.2 19.9, 2.7 17.4, 3.2 17.3, 2.4 17.9, 2.4
Central  heating Yes 18.5, 3.0 17.5, 2.8 0.9, 2.4 20.9, 3.3 18.7, 3.3 17.5, 2.7 19, 3 17.3, 3.4 17.1, 2.5 17.9, 2.6
No  18.8, 2.9 16.1, 3.9 2.8, 3.4 20.9, 2.4 19.8, 2.0 16.1, 3.4 17.9, 3.2 15.8, 3.9 14.8, 4.7 14.8, 4.9
Tenure Own  outright 18.7, 2.8 17.3, 3.2 1.3, 2.7 21.1, 3.0 17.5, 3.0 17.0, 2.7 18.5, 2.9 17.0, 3.2 17.0, 2.7 17.8, 2.8
Buying  with mortgage 17.7, 3.2 17.4, 2.8 0.3, 2.2 20.1, 3.4 19.0, 3.3 18.5, 2.7 20.1, 3.0 17.2, 3.9 16.6, 2.9 17.1, 3.2
Rent  19.1, 2.9 17.6, 2.7 1.4, 2.3 21.6, 3.2 20.7, 2.6 20.4, 2.6 22.1, 3.5 18.2, 3.4 19.1, 1.9 19.9, 1.9
Employment status Employed 17.9, 2.9 17.5, 2.7 0.4, 2.4 20.4, 3.2 17.5, 3.0 17.0, 2.7 18.5, 2.9 17.0, 3.2 17.0, 2.7 17.8, 2.8
Retired  19.0, 3.0 17.1, 3.5 1.9, 2.3 21.4, 3.2 19.0, 3.3 18.5, 2.7 20.1, 3.0 17.2, 3.9 16.6, 2.9 17.1, 3.2
Unable  to work 20.6, 2.6 18.6, 2.8 2.0, 2.9 22.7, 2.8 20.7, 2.6 20.4, 2.6 22.1, 3.5 18.2, 3.4 19.1, 1.9 19.9, 1.9
Unemployed 17.9, 2.9 16.7, 2.2 1.3, 2.9 20.6, 3.5 19.6, 3.4 17.1, 2.6 18.4, 2.8 15.7, 1.6 17.2, 2.2 18.0, 2.0
Other  18.9, 2.6 17.8, 1.7 1.0, 2.0 20.9, 2.5 18.4, 3.0 18.0, 2.8 19.3, 2.7 17.2, 1.8 17.7, 1.4 18.6, 1.5
Age  of oldest occupant 20–29 16.4, 3.4 16.4, 3.4 0.0, 1.7 18.3, 3.5 n/a, n/a, 13.9, 2.6 14.8, 2.6 n/a, n/a 13.7, 2.6 14.5, 2.5
30–39  18.3, 2.8 17.7, 2.2 0.6, 2.3 20.6, 3.5 18.3, 3.3 17.5, 2.4 18.9, 2.6 17.7, 1.7 17.2, 2.5 17.8, 2.7
40–49  18.0, 2.9 17.5, 2.7 0.5, 2.5 20.6, 3.1 18.2, 3.1 16.9, 2.7 18.5, 3.1 16.0, 3.3 17.6, 2.3 18.5, 2.4
50–59  18.1, 3.1 17.2, 2.9 0.9, 2.6 20.7, 3.1 18.2, 4.0 17.5, 2.6 19.1, 2.4 16.1, 2.9 17.2, 2.8 18.1, 2.8
60–69  19.3, 2.6 17.8, 3.1 1.5, 2.4 21.7, 2.7 19.2, 3.0 18.8, 2.1 20.3, 2.2 17.5, 3.8 17.4, 2.3 18.1, 2.5
70+  19.2, 3.2 17.2, 3.5 2.0, 2.5 21.6, 3.4 19.3, 3.2 18.4, 3.1 20.3, 3.5 17.6, 3.9 16.4, 3.0 17.0, 3.3
Household size 1 17.7, 3.5 16.6, 3.7 1.1, 2.3 20.2, 3.8 17.3, 4.0 16.9, 3.2 18.3, 3.6 15.8, 4.0 15.9, 3.3 16.5, 3.6
2  19.0, 2.6 17.9, 2.6 1.1, 2.4 21.3, 2.8 19.9, 2.2 17.8, 2.8 19.3, 3.0 18.7, 3.1 17.2, 2.3 17.8, 2.2
3  18.1, 3.0 17.1, 2.5 1.0, 2.9 20.8, 3.3 18.2, 3.6 17.2, 2.1 18.9, 2.4 15.7, 1.7 17.2, 2.6 18.3, 2.8
4  18.9, 2.7 17.8, 2.6 1.1, 2.8 21.2, 2.7 20.0, 2.6 18.2, 2.5 19.7, 2.7 17.7, 3.1 17.8, 2.1 18.4, 2.2
5+  18.7, 2.9 18.2, 2.5 0.5, 2.1 21.2, 3.6 18.6, 1.6 16.6, 2.9 18.6, 3.1 16.9, 1.9 17.7, 2.9 18.8, 2.7
1 All 249 dwellings.
2 Excludes the 40 dwellings (16%) that had multiple or irregular heating periods.
3 In the living room.
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useful addition, an approach used by Martin et al. [29].
In this work, and that of others [20,22], temperatures were only
measured in two rooms. This choice was inﬂuenced by the use of
two ‘zones’ in BREDEM-based models. By measuring temperaturesFig. 11. Average difference between living room and bedroom tempera
.8. Mean achieved temperature
A large variation in mean achieved temperature across the sam-
le was evident; the highest value for an individual home was
0.5 ◦C while the lowest was 11.0 ◦C. The mean achieved temper-
tures were highly correlated with the mean winter temperature
metric 6) in both living rooms (R2 = 0.87) and bedrooms (R2 = 0.91).
he average mean achieved temperature across all 249 homes was
0.9 ◦C (standard deviation 3.2 ◦C) (Table 4).
Considering house type, the highest mean achieved tempera-
ure was found in ﬂats (22.3 ◦C) and the lowest in mid-terraced
wellings (20.2 ◦C), but this difference was not statistically signiﬁ-
ant (p > 0.05). A clear signiﬁcant trend can be observed for house
ge (p = 0.02), the oldest dwellings, i.e. built before 1919 had the
owest mean achieved temperature (19.6 ◦C) and dwellings built
etween 1966 and 1980 the highest (21.9 ◦C, q = 0.06)). The mean
chieved temperature was  slightly lower in the newest dwellings,
.e. built since 1980 (21.0 ◦C). These trends mirror those found for
he mean winter temperatures in the living room (metric 6, Table 4).
The mean achieved temperature differed signiﬁcantly with the
ge of oldest occupant (p = 0.015). Dwellings where the oldest occu-
ant was in their twenties had signiﬁcantly lower mean achieved
emperature (18.3 ◦C) than homes occupied by those aged 60–69
21.7 ◦C, q = 0.013) or over 70 (21.6 ◦C, q = 0.019). This is partially
ecause dwellings of twenty year olds had the highest number of
nder-heated days. The highest mean achieved temperature was
ound in dwellings where the household representative person
as permanently unable to work (22.7 ◦C); this was signiﬁcantly
igher than the mean achieved temperature in dwellings of those
n employment (20.4 ◦C, q = 0.017). The homes of those renting had
 signiﬁcantly higher mean achieved temperatures (21.6 ◦C) than
omes owned with the aid of a mortgage (20.1 ◦C, q = 0.011). The
rends and the signiﬁcance of the results for tenure, employment,
ge of occupants and household size, mirror those found for the
ean winter temperature in the living room (metric 6, Table 4).
.9. Average temperature during heated periods
The average temperature during single heating periods was
8.8 ◦C in living rooms and 17.2 ◦C in bedrooms (Table 4). In
wellings with a double heating pattern, the average living room
emperatures were 17.5 ◦C in the ﬁrst period and 19.0 ◦C in sec-
nd, the corresponding bedroom temperatures were 17.0 ◦C and
7.8 ◦C. Average temperatures in dwellings with a double heating
attern were always higher in the second heating period, which is result of the second heating period being, on average, longer than
he ﬁrst. The living room temperatures are lower than the standard
REDEM assumptions used in energy models (21 ◦C during heated
eriods [14]) and the 18 to 21 ◦C suggested as comfortable by theeasured in 249 dwellings between December 2009 and February 2010.
World Health Organisation [37]. This might suggest that occupants
are heating their homes for longer to try and achieve adequate
temperatures later in the day.
Signiﬁcant differences in the average temperatures during
heated periods were not found for the technical household descrip-
tors, but household characteristics were inﬂuential. The age of
the oldest occupant was strongly related to the average living
room temperature during both heating periods. Homes occupied by
young people (aged 20–30) had particularly low average tempera-
tures (13.9 ◦C ﬁrst period and 14.8 ◦C second period). The average
temperatures increased with occupant age such that temperatures
in homes of those over 60 were signiﬁcantly warmer (q < 0.05),
being 18.8 ◦C for 60–69 year olds and 18.4 ◦C for 70 years plus in
the ﬁrst period, and 20.3 ◦C for both groups in the second period.
Household size was signiﬁcantly related to the average temper-
ature for homes heated using a single heating period (p = 0.025)
but not for those using double period heating (p > 0.3). Conversely,
employment status was signiﬁcant in dwellings with a double heat-
ing patterns (p < 0.05) but not for those with a single heating pattern
(p = 0.079); those in employment had signiﬁcantly cooler homes
(ﬁrst period 17.0 ◦C, second period 18.5 ◦C) than those unable to
work (ﬁrst period 20.4 ◦C, second period 22.1 ◦C) (q = 0.048). Low
average temperatures for both single and double patterns were
found in dwellings with only one occupant.
4. Discussion
4.1. Reﬂections on home energy surveys
Before discussing the results and their implications it is use-
ful to consider the strengths and weaknesses of the monitoring
undertaken.
Large-scale monitoring campaigns in diverse homes must use
low cost, easy to install, robust sensors. Here Hobo sensors that
log every hour were used successfully, but their sensitivity to
small temperature changes is poor and memory capacity is limited.
More expensive logging devices with greater accuracy and memory
would have enabled better resolution of heating on and off times12.
In this regard, a small self-contained temperature logger such as an
ibutton [38] attached to a radiator or the boiler casing might be a12 Because, with hourly logging, if a temperature rise is observed in the 7:00am
reading it was  impossible to know whether the heating was  turned on at 6:00am or
6:50am.
 Build
i
e
a
l
b
u
k
[
v
f
w
c
s
i
h
w
i
c
w
a
u
o
i
m
t
t
c
s
i
o
s
c
t
h
t
g
w
d
4
a
[
n
h
a
t
p
a
a
h
h
t
2
o
i
a
b
were heated. Those in work (employed) heated their homes for aT. Kane et al. / Energy and
n all rooms the spatial distribution of temperatures could be
xplored, and the two-zone concept evaluated. The results of such
 study by the present authors will shortly be published.
Sensor technology is advancing quickly through the use of wire-
ess communication and broadband networks, and soon the UK will
egin a role out of smart meters that can record gas and electricity
se at half hour intervals. These developments are creating a mar-
et for smart, digital, remotely accessible, home heating controls
39]. These will enable the real time capture, as shorter time inter-
als, of actual gas use, (thus indicating when boilers are ﬁring), and
eed-back from smart controllers will identify whether heat or hot
ater is being generated. In some systems occupants’ use of heating
ontrols can also be logged. It will be some years before large-scale
urveys can make use of the full potential of such technology, but
n the meantime much better equipment for understanding how
omes are heated will gradually emerge. The approach used in this
ork will soon seem crude.
The nine metrics developed here proved very useful for describ-
ng heating patterns; however, the methods of calculating them
ould be improved. The most challenging aspect of the analysis
as estimating when spaces were being heated. A simple proﬁle
pproach was ultimately adopted which was similar to an approach
sed by others [24]. Other more rigorous strategies might be devel-
ped aided by the emergence of new monitoring technology. The
dea of a standard set of metrics, calculated by well-documents
ethods, to quantify key features of home heating behaviours is
hough valuable. It is an area which would beneﬁt from collabora-
ion between interested researchers.
This paper has, like others [30], underscored the value of asso-
iating questionnaire surveys with monitoring, i.e. socio-technical
tudies. The 4M survey questionnaire drew on the one developed
n the CaRB project [22] but, because questionnaire also explored
ther non-energy matters, the heating questions were reduced in
cope. The questionnaire did not explore whether occupants felt
omfortable, despite the cool temperatures recorded, or whether
hey were struggling to heat their home, for example because the
eating system was inadequate or due to fuel costs [40]. Questions
hat probe this would be valuable additions. The gradual conver-
ence of the research community to a core set of standard questions
ould be very valuable, as it will enable the pooling of data from
ifferent studies.
.2. Comparison with the results of others
There are strong similarities between the results reported here
nd those recently reported by others, most notably Huebner et al.
25,26]. In their work, living room temperatures recorded in a
ationally dispersed sample of 275 homes, of which 93% had central
eating, were monitored for 92 days during the winter of 2007/08,
s part of the CaRB project. Their papers note, as reported here: that
here is a high degree of variability in the heating patterns and tem-
eratures achieved in centrally heated homes; that the weekend
nd week day temperature patterns and the temperatures reached
re similar; that the temperatures reached in the ﬁrst, morning,
eating period are lower than those reached in the second, evening,
eating period; that in some homes, on some days, the heating is
urned off; and that the temperatures are invariably lower than
1 ◦C.
Huebner et al. [25] quoted a mean daily living room temperaturef 19.0 ◦C, whilst Oreszczyn et al. [20] reported a median standard-
zed daytime temperatures in living rooms and bedrooms of 19.1 ◦C
nd 17.0 ◦C13; the corresponding values reported here (metric 6)
13 Average from 08:00 to 20:00 for the living room and 20:00 to 08:00 for the
edroom, and standardised to an external temperature of 5 ◦C.ings 86 (2015) 817–832 829
are 18.5 ◦C and 17.5 ◦C for living rooms and bedrooms, respectively.
Huebner et al. [26] quote average temperatures during the ﬁrst
and second heating periods of 18.3 ◦C and 19.9 ◦C, respectively, cf.
17.5 ◦C and 19.0 ◦C (metric 9) reported here. In their companion
paper [26], they quote an average demand temperature of 20.6 ◦C,
whilst Shipworth et al. [22] estimated the average thermostat set-
ting in their sample to be 21.1 ◦C, cf. the mean achieved temperature
reported here (metric 7) of 20.9 ◦C. Finally, in [26], 16% of homes
are reported as having ﬁve or more under-heated days, cf. 22% with
ﬁve or more under-heated days herein.
Overall, the high level of agreement between the ﬁndings of
these different studies, both with regard to the heating patterns
and the temperatures achieved, is rather remarkable; especially
given the different samples, monitoring equipment used, periods
of measurement, parameter deﬁnitions and methods of calcula-
tion. Speciﬁcally, all the temperatures quoted here are within 0.6 K,
except for the average temperature during the ﬁrst heating period;
which might be explained by the much colder winter during this
study (2009/10), than during the study reported by Huebner et al.
[25,26]14.
4.3. How different households heat their homes
As a whole, the work here and by others, shows that heating
patterns and temperatures in UK homes vary substantially: even
when only centrally heated homes are considered. But this work
has shown that patterns of heating do not vary randomly; rather,
there are clear, systematic differences which depended on the char-
acteristics of the household: the age of the oldest occupant and
employment status.
Concerning the age of the occupants, three broad groupings have
been identiﬁed. First, young people, aged 20–29, tended to have
their heating system on later in the year (when it is colder, met-
ric 1) and turn their heating off more frequently (under-heated
days, metric 5). The living room temperatures that result are also
low (mean achieved temperature, metric 8, temperature during the
heating periods, metric 9 and the overall mean winter temperature,
metric 6).
The second group, those over 60, heat their homes in a very
different way. The heating comes on earlier in the year, the after-
noon heating period begins earlier (metric 1), spaces are heated for
longer (metric 4) and there are fewer under-heated days. Secondary
heating may  be used more often in living rooms. Consequently,
the living room temperatures (metrics 6, 8 and 9) are all signiﬁ-
cantly higher, for example, the overall mean winter temperatures
were 19.2 ◦C for over 60’s (and 19.3 ◦C for over 70 s), compared with
16.4 ◦C for twenty year olds.
The third broad group, 30 to 59 year olds, heated their homes
in a similar way, with patterns and temperatures midway between
those observed for the other two  groups.
These results are not surprising. Younger people are more likely
to be in work or otherwise engaged and so spend longer outside
the home. They are also likely to be healthier, more active and so
more accommodating of cool conditions. Older people are likely to
spend longer at home, be more sedentary and more sensitive to
cold conditions. Health concerns may  also precipitate a desire for
warmth.
Employment status also had a signiﬁcant effect on how homessigniﬁcantly shorter time and experienced signiﬁcantly lower tem-
peratures (metrics 6, 8, 9) than those unable to work. This group
14 Temperatures in the ﬁrst heating period will be especially susceptible to external
temperature differences as the heating system labours to bring the house up to
temperatures following the cold night.
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eated their home the longest (14 h, metric 4) and achieved the
ighest temperature (22.7 ◦C, metric 8) of any grouping. (There
ay, of course, be a signiﬁcant numbers of households common to
he over 60 and unable to work categories.) Households signifying
hat they were retired had heating patterns and temperatures inter-
ediate to these two groups. Interestingly, those that classiﬁed
hemselves as unemployed had heating patterns and temperatures
imilar to those in employment; although they may  spend more
ime at home.
.4. Implications for housing stock modelling
The results have clear implications for energy stock models and
t is pertinent to consider these, especially the appropriateness of
REDEM-based modelling, which is the prevailing paradigm in the
K. Such models suffer from three problems, ﬁrstly, the inherent
ailure to capture correctly the thermal physics and engineering of
he way heating systems and the house fabric interact, secondly the
ncorrect assumption about patterns of heating and the tempera-
ures achieved, and thirdly the use of ﬁxed heating patterns and
emperatures for all houses and households15.
First, regarding the engineering and physics, in BREDEM-based
odels the idealised temperature proﬁle (Fig. 1) is a device
o enable the mean internal temperature, from which energy
emands are calculated, to be determined. Actual temperatures
roﬁles are very different, even in homes that are centrally heated
or two periods, as the detailed measurements (Fig. 4) and the
onitored proﬁles (Fig. 5) illustrate. Fundamentally, and ignoring
ccupant effects for the present, the space temperatures result from
he interplay between the heating system and the built geometry
nd fabric of the dwelling. This affects both the way homes warm
s well as how they cool: the BREDEM proﬁle only admits to effects
uring cooling.
Correct modelling of house warming is important. In the
horter, morning, heating period the measured temperatures were
lways much lower than in the longer afternoon/evening period16
Table 4). This is partly because the rate of heat output is limited by
he size of radiators, and/or the operation of any TRVs, meaning that
ot water returns to the boiler causing it to modulate, especially
o as the ‘demand’ temperature is approached. It is also because
ome of the delivered heat ﬂows into the thermal mass of the
uilding, especially so after the house has cooled overnight. This
old mass must be ‘charged’ before the air temperatures stabilise;
REDEM-based models essentially ignore thermal mass effects.
hus, in real buildings, achieved temperatures will be dependent
n the characteristics of the heating system and the fabric and not,
s BREDEM-based models assume, independent of them17.
Second, the standard heating proﬁles used in most BREDEM-
ased models18 make incorrect assumptions about occupants’
atterns of heating and the temperatures that they desire. First, the
odel assumes all homes are heated to a two period pattern during
eek day. Again, this isn’t so. In the sample studied here, only half of
he homes (51%) were heated in this way and, importantly, the heat-
ng pattern depended on occupancy; here employment status was
hown to be particularly important. Second, the model assumes
hat homes are heated for longer at weekends than during the
eek; the work here and by others [25,26] has demonstrated that
15 Which isn’t surprising given that they were devised for rating the efﬁciency of
he house.
16 During which the average achieved living room temperature in centrally heated
omes, 20.9 ◦C, was  similar to the assumed BREDEM value of 21 ◦C
17 The signiﬁcant difference in achieved temperature with house type (metric 8,
able 4) might be evidence of this.
18 One model does not use all of the standard assumptions but varies heating
atterns based on employment status [15].ings 86 (2015) 817–832
there is, in fact, little differences between weekday and weekend
patterns19. Third, the model assumes that demand temperatures of
21 ◦C and 18 ◦C are reached in living spaces and bedrooms and that
these are maintained throughout the heating periods. In fact these
two zones had rather similar temperatures, and whilst centrally
heated bedrooms were close to 18 ◦C (being 17.1 ◦C and 17.9 ◦C
in the morning and evening heating periods, respectively, metric
9), living rooms were much cooler than 21 ◦C, (17.5 ◦C and 19.0 ◦C
in the two periods). In 32% of homes the bedrooms were, in fact,
warmer than the living rooms.
Third, whilst it is possible to change heating schedules and
demand temperatures in BREDEM-based models the lack of empir-
ical data about how homes are heated has meant that most models
have used standard assumptions [13]. Other differences in heat-
ing patterns such as under-heated days, earlier or later switching
(on or off) at the start and end of winter and variations in tem-
perature throughout the homes (unused rooms may  be unheated)
are not modelled in BREDEM-based models. Some of these factors
vary systematically with the house, heating system or occupant
characteristics.
It is difﬁcult to deduce what the effect of all these modelling
errors on predicted energy demands is likely to be; there are
many different and counteracting affects at work. Nevertheless, one
might speculate that because living area temperatures are assumed
by BREDEM-based models to be higher than they are in reality, the
steady-state heat loss will be over predicted and so the predicted
heating energy demand will also be too high. There is useful work
to be done to understand the energy prediction consequences of
using BREDEM for stock modelling.
What does seem clear is that the uniformity of the assumptions
that BREDEM makes will lead to systematic errors that could have
unfortunate consequences for energy policy making, and the tar-
geting of energy efﬁciency measures, such as those planned via the
UK Green Deal20. Based on the evidence generated here, those over
60 and those unable to work, are likely to use more energy and have
the highest heating bills, and so energy efﬁciency measures could
beneﬁt them most. They are also a sector of the population which
might experience most difﬁculty in paying fuel bills, yet beneﬁt
most from maintaining a relatively high indoor temperature over
the whole day. In contrast, households of younger people will ben-
eﬁt less, because their homes are much less frequently heated and
to lower temperatures. Targeting energy efﬁciency measures at the
elderly is not new idea of course. Random mistakes when targeting
of energy efﬁciency measures are inevitable, but not critical, how-
ever policies, driven by model predictions, which systematically
disadvantage some sectors of society could have serious political
consequences.
Much has changed in the 25 or so years since the BREDEM mod-
elling framework was  created, both in the way we  use our homes
and the availability of useable energy models. (We  no longer expect
to be able to understand the mathematics behind models or be able
to complete calculations by hand; arguments that have been used
in support of simple BREDEM-like modelling). Others [41,42] have
modelled stocks using state of the art simulation programmes. Is
it not time to adopt a more realistic approach to understanding
the energy demands of our national housing stock and to targeting
energy efﬁciency measures?19 BREDEM-like modelling was initiated around 1986, which was prior to the Sun-
day trading act of 1996, and so weekend heating patterns may  well have been rather
different then than they are today.
20 The Green Deal assessment is based on BREDEM and uses standard heating
assumptions.
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. Conclusions
Indoor temperature measurements were made at hourly inter-
als in the living room and main bedroom of 249 dwellings in
he city of Leicester, in the UK Midlands between July 2009 and
ebruary 2010. These were supported by a face-to-face question-
aire survey. This is thought to be the largest city-scale study of
his type undertaken in the UK.
Conclusions are drawn about the analysis methods used, the
atterns of indoor temperature in the homes, and the standard UK
pproach to home energy modelling. This work has implications
or large-scale UK home energy efﬁciency schemes.
Although central heating was used in 93% of the homes, the heat-
ing patterns and the temperatures achieved were diverse and
hard to deﬁne. The basic pattern of temperatures generated by the
heating system was punctuated by occupant interventions and
other temperature-affecting events: the use of secondary heat-
ing, switching the system on and off manually, opening windows,
etc. A set of metrics with associated methods of calculation have
been deﬁned to capture this complexity.
The nine metrics deﬁne: (1) the external threshold temperature
that triggers the start of winter heating, (2) the underlying heat-
ing pattern, (3) the beginning and end of the heating periods,
(4) the duration of heating, (5) the number of days when homes
are ‘under-heated’, (6) the average temperature over the winter
as whole, (7) the difference between living room and bedroom
temperatures and (8) the average temperatures achieved over the
winter as a whole and (9) during each heating period. A method
for calculating each metric was developed, but the start and end
of each heating period was particularly hard to deﬁne. A common
set of metrics with agreed calculation methods, which are stan-
dardised across the home energy research community, would be
a useful advance.
At the start of the winter, central heating systems in some homes
switched on up to two months before it did in others; thus
some dwellings were heated for most of the year whilst others
were only heated during the coldest winter months. The heat-
ing switched on signiﬁcantly earlier in homes heated to a higher
temperature than it did in homes in homes heated to a lower
temperature.
A double heating pattern, morning and afternoon/evening, was
found in 51% of the dwellings and single heating patterns in 33%;
others had multiple or inconsistent patterns of heating. There was
no discernable difference in the heating pattern between week-
days and weekends. Single heating patterns were much more
common (60%) in the homes of those that were retired or unable
to work.
In 32% of homes, the bedroom was warmer on average than
the living room. Homes without central heating had signiﬁcantly
cooler bedrooms, but not living rooms, than homes with central
heating and those over 60 had bedrooms that were signiﬁcantly
cooler than the living room. Secondary heating in the living room
may  be the main source of daytime warmth in many of these
homes.
The dwelling type, age and construction had much less impact
on the measured temperatures than did the characteristics of the
occupants. However, heating systems came on at a signiﬁcantly
lower external temperature, i.e. later in the year, in mid-terraced
homes than in detached houses. The average living room win-
ter temperatures and/or the temperatures achieved during the
whole heating season were however lower, often signiﬁcantly
so, in pre-1919, solid wall, or mid-terrace homes than in modern
homes, with insulated cavities and ﬂats.
The temperatures within homes differed signiﬁcantly and sys-
tematically with the age of the household. Households where theings 86 (2015) 817–832 831
oldest person was just 20 to 29 tended to have the heating on
later in the year and to turn their heating off more frequently.
Those over 60 had their heating on earlier in the year and heated
for longer each day. The achieved living room temperature and
the average winter temperatures were signiﬁcantly higher in the
homes of the elderly than in those of the under 30s’ (average
winter temperature 19.2 ◦C cf. 16.4 ◦C). Households in the 30 to
59 age group heated their homes in a similar way, with patterns
and temperatures midway between the other two groups.
• Those in employment heated their homes for a signiﬁcantly
shorter time and experienced signiﬁcantly lower internal tem-
peratures than those unable to work.
• The results suggest that homes occupied by older people and
those permanently unable to work should be targeted for energy
efﬁciency improvements as they are heated for longer and to
higher temperatures and therefore have greater potential for
energy savings.
• The patterns of heating were quite different from the pattern
assumed by BREDEM-based models that are often used for energy
demand assessments in the UK. First, none of the homes had daily
proﬁles akin to those assumed by the model, which fail to cap-
ture correctly the interplay between the heating system and the
form and fabric of the house. Second, homes are invariably heated
to lower temperatures and often using a different on/off pattern
than assumed by the model. And thirdly, the model offers no
ready way to fully capture the diverse and systematic ways in
which heating patterns differ between households.
• It is argued that the prevailing BREDEM-based approach to UK
home energy use prediction could seriously and systematically
misrepresent the energy demands of some sections of society;
which risks systematic miss-targeting of energy efﬁciency meas-
ures in large-scale refurbishment programmes.
More generally, it is hoped that the work reported here will bol-
ster socio-technical approaches to studying home energy use and
that it makes a valuable contribution to the evolution of a set of
common ‘standard’ metrics and methods of calculation that can be
used across the domestic energy research and policy communities.
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